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INTRODUCTION
Historically, rats represent the most widely applied non-primate mammals to model disease processes Syvyk et al., 2017) . Given the rate at which genetic know-how for editing rat genomes is accelerating, and the ever expanding rat genomics toolbox, strategies for preserving rat germline resources are becoming even more essential (Ivics et However, different cell types demonstrate an individual response to the doses of DMSO in freezing media that cannot be calculated empirically. Such situation requires experimental adjustment of the dose of the main cryoprotectant for each cell type. Since the experimental adjustment for rat spermatogenic cell never being done before we decided to cover this gap and test range of DMSO concentration in SG based freezing medium for established spermatogonial cell lines. Moreover, in the available literature we were not able to find any experimental data for the time of initial storage at -80°C (Aliakbari et al., 2016; Chapman et al., 2011; Pegg, 2015) . Therefore, we attempted to investigate whether the time of initial storage at -80°C influences cell survival upon thawing. Additionally, generation of mutant germ cell lines can involve clonal line derivation from the libraries of modified spermatogonia. In this case, preservation of a small number of cells may be required (Syvyk et al., 2017) . Therefore, we endeavored to optimize the volume of freezing medium with respect to the cell density. Taking into account constantly improving freezing medium composition we tested abilities of trehalose and sucrose additives to enhance the viability of rat spermatogonia after recovery from cryopreservation Commutatively, the purpose of presented study was optimization of freezing medium composition and conditions for cryopreservation of rat spermatogonial stem cell. Different cell types demonstrate an individual response to the doses of DMSO in freezing media that cannot be calculated empirically. Such situation requires experimental adjustment of the dose of the main cryoprotectant for each cell type. The purpose of the work was to optimize the basic composition of the cryopreservation medium for the rat spermatogonial cell lines, to investigate the time period of the initial storage of the cells at -80° C, as well as the effect of the ratio of volume of the freezing medium to the number of cells on their subsequent survival after recovery. Our data demonstrate that the 8% DMSO is the most effective concentration of the cryoprotectant. Furthermore, we tested different time of initial storage of cryovials in a commonly used "Mr. Frosty" Freezing Container at -80ºC. Our results suggest that 12 hours period (overnight) provides enough time for primary freezing step at -80ºC. Optimization of the volume of freezing medium revealed, that 0.5 ml, compared with 1.0 ml of medium for rat spermatogonial stem cells allows more effective preservation and long-time cryostorage of low numbers of cells (3×10 4 ) with successful recovery of up to 50% of the frozen cell population. Additionally, we attempted to improve the freezing medium composition by supplementing its base formulation with sucrose and/or trehalose. The use of optimal concentration of DMSO (8%) in the medium in combination with a 200mM of trehalose resulted in an increase of spermatogonia viability after recovery by more than 12% compared to the original composition of SG (Spermatogonia Growth) medium containing 10% of DMSO.
MATERIAL AND METHODS

Animal lines, Care and Use
All of the protocols for use of animals in this study were approved by the IACUC at the University of Texas Southwestern Medical Center at Dallas as certified by the Association for Assessment and Accreditation of Laboratory Animal Care International (AALAC). Rats were kept in individually ventilated cages (Lab Products 2100) in dedicated facilities with climate control set to 22ºC, and 50% humidity. Animals were kept under a 12/12 hours light/dark cycle with lights on at 6 a.m. and off at 6 p.m. Wildtype Sprague Dawley rats were from Harlan, Inc., and used previously to generate SD-tg(ESptd1-EGFP) rats ( 
Testing different time of initial freezing step at -80°C in "Mr. Frosty" freezing container
We used primary culture of collagen-none-binding spermatogenic cells isolated from two sets of 22-23 days old pups of GCS-GFP line from two separate litters and one set of 23 days old pups of T138 line of the single litter. Cultures were prepared as described earlier (Chapman et al., 2011) . From the first litter of GCS-EGFP pups (7 animals) we prepared 18 vials with 3.0-3.5×10 6 cells/vial and froze them in the "Mr. Frosty" container at -80°C: 6 vials for 12 hours; 6 vials for 24 hours and 6 vials for 48 hours followed by transfer into a liquid nitrogen cryostorage unit. Influence of DMSO concentration and time of the initial freezing at -80°C on viability of the cryopreserved cells were also examined on 2 different established rat spermatogonial lines (wildtype line, passage 10; tgGCS-EGFP line, passage 14) frozen in 1 ml SG Freezing. Based on previous result we selected 6, 8, and 10% of DMSO v/v to be tested. For each DMSO concentration 18 vials containing 10 6 cells/vial in 1 ml of SG freeze medium were prepared and frozen in the "Mr. Frosty" container at -80°C: 6 vials for 12 hours; 6 vials for 24 hours and 6 vials for 48 hours followed by transfer into a liquid nitrogen cryostorage unit. Frozen spermatogonia were recovered after 3 months of cryopreservation in a liquid nitrogen cryostorage tank. Viability of the thawed cell was estimated by Trypan Blue Exclusion Test.
Cryopreservation of low cell number of spermatogonia from cell lines
WT (wild type) spermatogonial cell line at passage 13 and T138 spermatogonial cell line at passage 10 were used to test a possibility of long time cryopreservation of low quantities of SSC (Spermatogonia Stem Cells). Sets of 27 vials of cells for these two lines were prepared: each set contained 3 vials with 3×10 5 , 10 5 and 3×10 4 cells re-suspended in 1 ml, 500 µl and 250 µl of SG freezing medium containing 8% DMSO (v/v). Total 9 different conditions with
For study immunocytochemistry germ cells cultivated on the laminin were fixed by 4% paraformaldehyde in 1M phosphate buffer (pH 7,2) for 10 min. After fixation cells were washed twice with a PBS (PBS; Invitrogen Inc, cat no. 14040-182) and permeabilized with 0.1% (v/v) Triton X-100 in PBS. The cells were then washed twice with PBS and incubated in 1% (v/v) solution of blocking reagent (Roche, Applied Biosystem) for 1 hour at ~22-24°C. After removing the blocking reagent cell were incubated overnight at ~22-24°C with primary antibody diluted into fresh blocking reagent. The mouse anti-human PLZF IgG (Calbiochem, cat no. OP128, clone ID 2A9) were diluted 1:500, the home prepared rabbit anti-DAZL-3 IgG (Chapman et al., 2011) were diluted to 250 ng/ml in blocking reagent. After incubation with primary antibody, cells were washed with PBS and then incubated for 40 min at ~22-24°C with goat antimouse Alexa Fluor 594 or goat anti-rabbit Alexa Fluor 488 secondary antibodies (Invitrogen, Inc) diluted to 5 µg/ml in PBS containing 5 µg/ml Hoechst 33342 dye (Molecular probes, cat no. H3570). After incubation with secondary antibodies cells were washed with PBS and viewed using an inverted Olympus IX70 microscope (Olympus, Inc.) The experiments were replicated three times and the data points of live cell counts are presented as the standard error of the mean ±SEM calculated using Microsoft Excel software.
RESULTS AND DISCUSSION
Optimizing DMSO concentration in SG Freezing Medium for established spermatogonial cell lines
The effectiveness of SG Freezing Medium containing different DMSO concentrations (6, 8, 10, 12, 14, 16 and 18% v/v) for cryopreserving 3 established rat spermatogonial lines (wildtype, tgGCS-EGFP, tgSB-Zmynd8
gt:wt ) was tested. Cells suspended in each respective freezing medium at a density of 10 6 cells/ml were aliquoted into vials, pre-cooled at -80°C for 48 hours and then transferred into the liquid nitrogen storage for cryopreservation. Post-thaw viability of cells from duplicate vials/DMSO concentration was analyzed after 3 and 14 months of cryostorage (Fig 1, A) . Similar results were obtained from each of the three lines at both time points, with spermatogonial viability highest in SG Freezing Medium containing 8% DMSO (3 months 44.2±1.8% viability, 14 months 43.9±0.9% viability; ±SEM, n=3 lines), and lowest in SG Freezing Medium containing 18% DMSO (Fig1, A) . Accordingly, the greatest recovery of viable spermatogonia was obtained using SG Freezing Medium containing 8% DMSO (3 months, 39.7±0.94% recovered; 14 months 39.0±2.8% recovered, ±SEM, n=3 lines) (Fig 1, B) . Estimates of cell viability obtained using Trypan Blue exclusion were verified in representative samples using the LIVE/DEAD fluorescence assay (Fig 1, C) . Thus, as found with studies using freshly isolated collagen non-binding testis cells, 8% DMSO in SG Freezing Medium provided the most optimal concentration of cryoprotectant for established spermatogonial lines.
Effects of storage time at -80 o C on cryopreserving of spermatogonia
Current protocols for cryopreservation of germ cell have a different suggestion for the duration of the initial time of cooling and storage of cell cultures at -80°C using "Mr. Frosty" freezing container (Pegg, 2015; Stacey and Dowall, 2007) . Theoretically, two hours is enough to reach the desired temperature. Practically the freezing container remains at -80°C at least overnight or even for a couple of days. Here, we evaluated the effects of initial storage time at -80°C on the postthaw viability of spermatogonia cryopreserved using SG Freezing Medium containing 8% DMSO. Collagen non-binding testis cells isolated from 3 independent cultures (tgGCS-EGFP rats, n=2 cultures; tgGESptd1 rats, n=1 culture) were aliquoted into vials and stored in the "Mr. Frosty" freezing container at -80°C for 12; 24 or 48 hours. Vials of frozen cells were then transferred into liquid nitrogen and stored for 10 months. After 10 months of cryopreservation, post-thaw viability of cells obtained from the first tgGCS-EGFP rat was 57.3±1.3%; 54.7±2.0% and 53.7±0.99% at their respective, 12, 24 and 48 hours time points (n=3 vials/point) (Fig 2, A) . Similar results were obtained with cells from the second tgGCS-EGFP rat (Fig 2, A) . Likewise, post-thaw viability of cells obtained from tgGESptd1 rats was 59.0±1.9%; 57.2±1.9% and 56.8%±2.5% for their corresponding time points (n=3 vials/point) (Fig 2, A) . Thus, the recovered cells demonstrated an incremental decrease in cell viability as a function of time at -80°C, which dropped by ~3.5% between the 12 and 48 hours time points (Fig 2, A) . Relative numbers of germline and somatic testis cells recovered/vial were also counted after culturing them on laminin in SG medium for 1 and 6 days (Fig 2, B) . Ratios of somatic to germline cells remained relatively consistent over time in culture for each storage period at -80°C tested (Fig 2, B) . For example, after 1 and 6 days in culture on laminin this ratio was ~75:25% and ~76:24% (Somatic:Germline %), respectively, for the 12 hours storage period using SG Freezing Medium containing 8% DMSO (average values from 1 tgGCS-EGFP rat and 1 tgGESptd1 rat). Moreover, similar results were obtained after cryopreserving of established rat spermatogonial lines, as no statistically significant data on spermatogonial viability post-thaw were measured as a function of storage time at -80°C using SG Freezing Medium containing 6; 8 or 10% DMSO (Fig 2, C) . 
Effects of SG Freezing Medium volume and cell concentration on spermatogonial cryopreservation
Because optimal cryopreservation of spermatogonial stem cells in SG Freezing Medium could be affected by cell concentration and/or freezing medium volume/vial, we investigated the post-thaw viability of spermatogonial lines cryopreserved as a function of these two parameters. Two rat spermatogonial lines (wildtype line, passage 13; tgGESptd1 line, passage 10) were cryopreserved in SG Freezing Medium containing 8% DMSO in three different volumes (250 µl, 500 µl and 1000 µl/vial) containing cells at three different concentrations ( 3×10 5 , 10 5 and 3×10 4 cells/unit, volume/vial) (Fig 3) . As an example, mean post-thaw viability of wildtype and tgGESptd1 rat spermatogonial lines cryopreserved at 3×10 4 cells/vial was 44.4±2.7%; 45.9±2.3% and 41.4±2.2% at 0.25; 0.5 and 1.0 ml/vial, respectively (n=6 vials or 3 vials/line, ±SEM) (Fig 3) . Therefore, at this lower cell concentration/vial, spermatogonial viability was ~7% higher when frozen in 0.5 ml compared to 1 ml. Likewise, post-thaw viability of spermatogonial stocks containing the highest cell concentration/vial (3x10 5 cells) improved by ~5% after cryopreservation in 1 ml of freezing medium, compared to the lower volumes. Thus, SG Freezing Medium containing 8% DMSO effectively supported cryopreservation of rat spermatogonial lines over a wide range of cell concentrations in different medium volumes (Fig 3) . 
Improvement of freezing medium composition
Next, we evaluated the effects of trehalose (50-200 mM) and sucrose (70-140 mM) on SG Freezing Medium efficiency (Fig 4) .
Figure 4
Post-thaw viability of spermatogonial lines derived from tgGCS-EGFP and tgDazl-dtTomato rats at 1 and 3 months, respectively, after cryopreserving 3×10 4 cells in 0.5 ml SG Freezing Medium/vial supplemented with various concentrations of the indicated sugar cryoprotectants.
Trehalose and sucrose were previously reported to successfully improve cryopreservation of mouse spermatogonial stem cells in serum-containing and/or serum-free media (Lee et al., 2013; Motta et al., 2014) . SG Freezing Medium containing 8% or 10% DMSO supplemented with each disaccharide was used for cryopreserving of two rat spermatogonial lines (tgGCS-EGFP; tgGCS-dtTomato) at ~3×10 4 cells/0.5 ml freezing medium/vial. Each concentration of trehalose tested improved spermatogonial viability after 1 and 3 months post-thaw, with 200 mM trehalose being the most effective additive when combined with 8% DMSO (59.3±2.7%, SD, n=6 vials or 3 vials/line). Under these conditions, this represents a >30% increase in post-thaw viability (~44% to ~59%) compared to the original formulation of SG Freezing Medium containing 10% DMSO. Addition of sucrose at either 70 or 140 mM also improved spermatogonial viability post-thaw in each DMSO concentration tested, but was not as effective as adding trehalose (Fig 4) . It is interesting that freshly isolated fractions of collagen non-binding testis cells are composed of ~90% spermatogenic cells and ~10% somatic testis cells However, following cryopreservation of the collagen non-binding testis cell fraction, only ~10-20% of the total cell population survives, of which, there are ~4-fold more somatic cells than germ cells (Fig 2, B) . Because we observed predominantly undifferentiated type A spermatogonia (PLZF+, DAZL+) and somatic cells (DAZL-) following cryopreservation and overnight culture of collagen non-binding testis cells (Fig 2, B) , it appears that undefined populations of spermatogonia, as well as most spermatocytes do not survive freezing and thawing in SG Freezing medium. In summary, efficient isolation, cryopreservation and recovery of spermatogonial stem cells provides a foundation for research on spermatogenesis and transgenesis in rodents (Brinster and Nagano, 1998; Wu et al., 2014), and will likely impact our ability to preserve fertility in other species, including humans (Meistrich, 2013). Here, we evaluated the potential for further optimization of SG Freezing Medium, which is serum free, and effectively supports cryopreservation of rat spermatogonial lines. Prior to this report we had cryopreserved >500 mutant rat germlines using SG Freezing Medium containing 10% DMSO as the cryoprotectant (Mutant Rat Resource at UT Southwestern), from which mutant rat strains are successfully rederived. Thus, the original formula of SG Freezing Medium provided relatively effective cryopreservation of rat spermatogonial stem cells ( 
CONCLUSION
1. An optimal storage time of spermatogonial cells at -80° C can be taken as 12 hours. 2. The viability of the low number of spermatogonia (3×10 4 ) frozen in 0.5 ml of freezing medium, compared with a volume of 1.0 ml of medium, increases by 7%. 3. The use of optimal DMSO (8%) in the medium in combination with a 200mM of trehalose resulted in an increase of spermatogonia viability after recovery by more than 12% compared to the original composition of SG medium containing 10% of DMSO. 4. Obtained results on cryopreservation of spermatogonial cell lines in rats can be tested and used for cryopreservation of spermatogonia of other species of animals, including human.
